Abstract. We examine the distribution and fate of nitrogen oxides (NOx) reported in past studies under warmer conditions. Updates to the dry deposition scheme and 43 dinitrogen pentoxide (N2O5) reactive uptake probability, ɣ(N2O5), result in an improved 44 simulation of gas-phase nitric acid (HNO3) and submicron particulate nitrate (pNO3⁻), reducing 45 the longstanding factor of 2-3 overestimate in wintertime HNO3+pNO3⁻ to a 50% positive bias. 46 We find a NOx lifetime against chemical loss and deposition of 22 hours in the lower troposphere 47 over the NE US. Chemical loss of NOx is dominated by N2O5 hydrolysis (58% of loss) and 48 reaction with OH (33%), while 7% of NOx leads to the production of organic nitrates. Wet and 49 dry deposition account for 55% and 45% of T NOy deposition over land, respectively. We 50 estimate that 42% of the NOx emitted is exported from the NE US boundary layer during winter, 51 mostly in the form of HNO3+pNO3⁻ (40%) and NOx (38%). 52
53

Plain Language Summary 54
Nitrogen oxides are a key family of pollutants emitted by cars, electric utilities, and 55 industry. The fate of nitrogen oxides remains poorly understood especially during the winter 56 season, when low sunlight leads to their persistence in the atmosphere. We analyze 57 comprehensive aircraft observations of nitrogen oxides and their atmospheric products over the 58
Northeast United States during winter 2015. This detailed chemical information allows to resolve 59 a long-standing overestimate of the oxidation products of nitrogen oxides, and place new 60 constraints on their deposition to land ecosystems and export to the global atmosphere. 61
Introduction 62
Understanding the chemical evolution of nitrogen oxides (NOx=NO+NO2) anthropogenic 63 emissions is critical to constraining their regional and global effects on oxidants, ozone (O3) 64 chemistry, inorganic and organic aerosol formation, and nitrogen deposition to ecosystems. As 65 the seasons change from summer to winter in the midlatitudes, the lifetime of NOx in the lower 66 troposphere increases from 3-6 hours to more than a day because of the photochemical decrease 67 in hydroxyl radical (OH) concentrations (Martin et al., 2003) . The main oxidation product of 68
NOx is generally nitric acid (HNO3), but in the presence of volatile organic compounds (VOCs) 69 significant amounts of peroxy acyl nitrates (PNs) and alkyl nitrates (ANs) can be produced. The 70 transition from summer to winter is accompanied by a near cessation of biogenic emissions of 71
VOCs in temperate continental regions. These much lower biogenic VOC emissions together 72 with reduced OH lead to a decrease in the wintertime production of PNs and ANs, and thus an 73 increase in the relative importance of HNO3 as a NOx sink. release version of GEOS-Chem includes Na + and Cl -from submicron sea-salt in the gas-aerosol 278 equilibrium. In our Reference simulation, we assume that submicron sea-salt is externally mixed, 279 such that Na + and Cl -ions do not participate in the HNO3 and NH3 gas-particle partitioning as 280 discussed in Guo et al. (2016) on tall tower and aircraft measurements, Lu et al. (2015) found that the NEI emission inventory 295 overestimated toluene emissions by a factor of 2.5. In our reference simulation, we reduce the 296 NEI toluene emissions by this factor, leading to a significant reduction in the GEOS-Chem 297 overestimate in toluene compared to WINTER aircraft observations, with a 50% overestimate 298 instead of a factor of 3 overestimate prior to the adjustment (not shown). For shipping emissions, 299
we replace the NEI emission inventory with the International Comprehensive Ocean-300
Atmosphere scheme is an order of magnitude higher than observations in cold regions, which affects rainout 311 scavenging. To address this, we modify the wet deposition scheme as described in Shah et al.
312
(2018), by assuming a linearly decreasing value of cloud water content from 1 g m -3 for liquid 313 clouds (T≥268 K) to a minimum of 0.1 g m -3 for ice clouds (T≤258 K). This modification 314 increases wet deposition fluxes by about 20% during the WINTER period. 315
Updates to GEOS-Chem for this study: Improved simulation 316
In addition to the Reference GEOS-Chem simulation described in section 3.2, we conduct 317 a second simulation, referred to as "Improved" simulation, with the following modifications 318 (summarized in Table S1 ). This persistent bias is unlikely due to an overestimate in HCHO sinks, which are dominated by 336 photolysis. Thus, the systematic model underestimate of HCHO points to missing primary 337 emissions and/or secondary photochemical production of HCHO during winter. 338
In the Reference simulation over the NE US lower troposphere (defined as 35-45°N; 89-339 64°W; 0-1.7 km, blue box on Figure 1 ) we find that primary emissions of HCHO account for 340 10% of the HCHO source, with the remaining 90% due to secondary production, which is 341 dominated by methane (CH4) To examine whether a potential underestimate in RWC and mobile emissions could 352 explain the observed HCHO, we increase the NEI HCHO emissions for these two sources by a 353 factor of 5 in the Improved simulation (resulting in a factor of 4.6 increase in total primary 354 emissions of HCHO). As shown in Figure 2 , the resulting HCHO in the Improved simulation is 355 in better agreement with both aircraft and surface observations (NMB=+14% for surface 356 observations; NMB=-6% for aircraft observations below 1 km). In this simulation, primary 357 emissions account for 30% of the HCHO source, with 70% due to secondary production. 358
Overall, this leads to a 20% increase in OH over the NE US in the Improved simulation. 359
Observed WINTER concentrations of C3 alkenes, which can be an important secondary 360 source of HCHO, are overestimated in GEOS-Chem by 50-100% (not shown), so they cannot 361 explain the missing HCHO. Another possible explanation to reconcile model and observations 362 would be the rapid oxidation of larger VOCs, which are not represented in GEOS-Chem. A more 363 in-depth analysis of whether the missing wintertime sources of HCHO are primary or secondary 364 will be presented in a forthcoming study. For the purpose of this paper, we make the simplifying 365 assumption that all missing HCHO is due to an underestimate of primary emissions, which we 366 increase to match the observed HCHO mixing ratios during WINTER. 367
Simple ClNO2 chemistry 368
We add ClNO2 as a new chemical species in the chemical mechanism. We include a 369 simplified treatment of its chemistry, assuming that its only production is via R3 and its only loss 370 is via photolysis, neglecting ClNO2 deposition, which is expected to be small (Kim et al., 2014 There is a remarkable agreement between observed and modeled profiles of observations. This is mostly due to higher HCHO concentrations (section 3.3.1), leading to more 489 OH, enhanced RO and RO2 production from VOC oxidation and thus enhanced PNs production 490 in the Improved simulation compared to the Reference simulation. 491
Because of the lower γ(N2O5) and γ(NO3) assumed in the Improved simulation, GEOS-492
Chem predicts a doubling of nighttime N2O5 mixing ratios from mean values of ~100 pptv to 493 ~200 pptv below 1 km altitude (Figure 4) . While in better agreement with observations (mean of 494 ~300 pptv), the Improved simulation is 30-40% too low. The Improved simulation qualitatively 495 reproduces the observed ClNO2 profile, but tends to underestimate observations below 500 m, 496 which were mostly taken over water. This suggests that (ClNO2) is underestimated in our 497 simulation as discussed in more detail in Section 4.3. 498 WINTER observations show highly variable HONO mixing ratios with mean values of 499 59±115 pptv at night and 24±45 pptv during the day (< 1 km altitude). The Improved simulation 500 predicts mean HONO of 59±90 pptv at night and 16±37 pptv during the day. These values are 501 nearly a factor of two higher than those predicted in the Reference simulation (Figure 4) , as a 502 result of the combined effects of changing NO2 heterogeneous uptake to produce only HONO 503 (section 3.3.3) and enhanced HCHO primary emissions, which increase OH and the gas-phase 504 HONO production via NO+OH. 505
In the next two sections, we examine in more detail the spatial distribution of NOx and its 506 oxidation products. 507 , panels e and f). The simulated NOx mixing ratios display a -25% 518 bias relative to the aircraft observations below 1 km altitude. We hypothesize that this 519 underestimate is due to a small overestimate of the NOx oxidation rate and to an underestimate in 520 (ClNO2) (see section 4.
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3). 521
We also compare the Improved GEOS-Chem simulation to surface hourly NO2 522 measurements from the EPA AQS monitoring network obtained at 93 sites in the eastern U.S. 523 between 1 February-15 March 2015 ( Figure 6 ). Most of these sites are in urban (39 sites) and 524 suburban (38 sites) environments and display very strong diurnal variations with the highest NO2 525 concentrations observed during the early morning rush hour, when the shallow PBL traps 526 pollutants near the surface. As the spatial heterogeneity of NO2 near localized sources is not 527 resolved by the ~50 km horizontal resolution of GEOS-Chem, we focus on NO2 observations in 528 the afternoon (14:00-18:00 hours local time), when the PBL is deepest and mixing will lead to 529 more homogeneity. The commercial instruments used to measure NO2 have known interferences 530 to NOx oxidation products, in particular ANs, PAN, and HNO3 (e.g., Dunlea et al., 2007; 531 Steinbacher et al., 2007) . We correct for these interferences by applying the correction factor 532 developed by Lamsal et al. (2008) , using the GEOS-Chem hourly NO2 and its oxidation products 533 for each site. This correction is minimal for winter months (<10%). We find that GEOS-Chem 534 underestimates afternoon AQS NO2 observations by 35%, slightly larger than the underestimate 535 we found relative to aircraft NOx observations. Restricting our comparison to rural EPA sites, the 536 model bias is lower (NMB=+5%, Figure 6 Boise, Idaho near busy roads. In contrast, the NEI 2011 CO/NOx emission ratio is 8.7 ppbv/ppbv 573 for the NE US and the GEOS-Chem CO/ T NOy enhancement ratio sampled along the C-130 flight 574 tracks 10.1±0.6 ppbv/ppbv. Thus, we find that the NEI inventory overestimates CO emissions by 575 factors of 1.6-1.9 over the NE US. This was not initially apparent in the vertical profile in Figure  576 4 because of the free tropospheric CO underestimate. The CO/NOx ratios reported by 577 summertime studies are generally higher, which could potentially reflect a strong seasonal or 578 temperature dependence in the mobile CO/NOx emission ratio (Salmon et al., 2018) . simulation also overestimates surface observations of pNO3⁻ from CASTNET, IMPROVE, and 593 CSN for the same period (NMB=64%, Figure 7 , panels d and f). In the Improved simulation, 594 these biases are greatly reduced for surface HNO3 (NMB=20%, Figure 7b and 7c) and pNO3⁻ 595 (NMB=35%, Figure 7e and 7f) . 596
Improvements are also seen in the comparison to WINTER aircraft observations of HNO3 597 and pNO3⁻ (Figure 4 and Figure 8 ), where the biases below 1 km altitude are reduced by a factor 598 of 2 (NMB decreasing from 136% to 73% for HNO3 and from 36% to 17% for pNO3⁻). The 599
Improved simulation predicts that the highest HNO3 concentrations occur over the N. Atlantic 600 downwind of the DC-NYC corridor, in agreement with aircraft observations. In contrast, the 601
Reference simulation shows elevated concentrations over the Ohio River Valley, which are not 602 seen in the observations. 603 The Improved simulation predicts ~100-300 pptv ClNO2, significantly lower than 627 observed values of ClNO2, which varied between 200 and >1000 pptv for this flight ( Figure  628 10d). More generally, we find that GEOS-Chem underestimate ClNO2 by a factor of 2 during the 629 WINTER campaign (Figure 4 ). This suggests that the GEOS-Chem (ClNO2) values are too 630 low, likely related to an underestimate in pCl -concentrations as we neglect anthropogenic 631 sources of chlorine in this simulation (Section 3.3.3), and potential repartitioning of coarse mode 632 sea salt chloride to the fine mode population. Indeed, our assumption that 10% of pCl⁻ from 633 submicron sea salt is displaced onto SNA aerosol results in median PM1 pCl⁻ mixing ratios of 5 634 pptv (< 1 km) in GEOS-Chem, which is a factor of two lower than the median non-refractory 635 PM1 pCl⁻ observed by the HR-ToF-AMS during WINTER (Haskins et al., 2018, under review Figure 11 and Table 2 present the budget of T NOy in the Improved GEOS-Chem 665 simulation for the NE US (35-45ºN; 88.75-65ºW; 0-1.7 km). Half of the T NOy burden is in the 666 form of NOx (defined in this section as NOx = NO+NO2+NO3+2N2O5+HONO+HNO4), with 667 37% being present as HNO3+pNO3⁻, 12% as organic nitrates and 1% as ClNO2. GEOS-Chem 668 predicts that 43% of HNO3+pNO3⁻ is in the form of pNO3⁻, similar to the observed value of 48% 669 (Guo et al., 2016) . This indicates that the pH of aerosol is simulated reasonably well in GEOS-670
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Chem (as noted in Section 4.1), since partitioning of nitrate between the gas and particle phases 671 is highly sensitive to pH when nearly equal concentrations are found in the two phases (Guo et  672 In the GEOS-Chem simulation, the lifetime of NOx against oxidation and deposition is 22 682 hours. We find that 91% of NOx is oxidized to produce HNO3, with 7% producing organic 683 nitrates, and 2% ClNO2 (Table 2 and Figure 11 ). While organic nitrates have the longest 684 lifetimes of all NOy species (23 days for PNs and 16 days for ANs), their production is very slow 685 because of low biogenic VOC emissions. We find that nighttime N2O5 heterogeneous chemistry 686 accounts for 62% of HNO3 production, with 35% due to daytime oxidation by reaction of NO2 687 with OH, and 3% from reactions of NO3 with VOCs. 688
Based on WINTER observations of the evolution of NOx concentrations in the US East 689
Coast boundary layer outflow, Kenagy et al. (2018) calculate an e-folding NOx lifetime of 29 690
hours for daytime and 6.3 hours for nighttime. This corresponds to a daily mean lifetime of 10 691 hours (taking into account the 10h45min length of day), and includes NOx loss due to chemistry, 692 deposition, and transport to the free troposphere. Taking these three processes into account, we 693 calculate a NOx lifetime of 19 hours based on Table 1 Table  699 1). 700
With the GEOS-Chem simulation, we find that 42% of the NOx emitted in the NE US is 701 exported out of the domain (Table 2 ). Figure 11 shows that export by transport to the free 702 troposphere (63. NOy export efficiency for winter-spring, lower than our 42%. We attribute this difference to the 717 higher ɣ(N2O5)=0.1 used in Liang et al. (1998) , and thus faster HNO3 production and scavenging 718 prior to export. 719 Table 3 summarizes the main forms of T NOy deposition over land for the NE US during 721 the 1 February-15 March 2015 period. The wet deposition values in Table 3 are only over land  722 and include scavenging from the entire troposphere, while values in Table 2, are for both land  723 and ocean but only include scavenging below 1.7 km. Over the NE US in the Improved 724 simulation, we find that T NOy deposition is dominated by wet deposition of HNO3 and dry 725 deposition of HNO3, which account for 45% and 36% of the T NOy deposition flux (51.7 Mg 726 N/month). Other contributions are from wet deposition of pNO3⁻ (10%), dry deposition of NO2 727 (3.9%) and dry deposition of pNO3⁻ (3.1%) ( shifting deposition from wet to dry such that they both contribute to similar amounts of 734 deposition with little change to the total deposition flux (Reference: 49.1 Mg N/month; 735 Improved: 51.7 Mg N/month, Table 3 and Table S3 ). 736 Figure 12 shows the spatial distribution of 
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